Using ultraviolet-laser assisted local-electrode atom-probe ͑UV-LEAP͒ tomography, we obtain three-dimensional ͑3D͒ atom-by-atom images of isotopically modulated 28 Si and 30 Si ultrathin layers having thicknesses in the range of 5-30 nm. The 3D images display interfaces between the different monoisotopic layers with an interfacial width of ϳ1.7 nm, thus demonstrating a significant improvement over isotope mapping achievable using secondary-ion mass-spectrometry or even visible laser-assisted atom-probe tomography. This sharpness is attributed to reduced thermal effects resulting from using a highly focused UV laser beam. Our findings demonstrate that UV-LEAP tomography provides the high accuracy needed to characterize, at the subnanometer scale, the emerging isotopically programmed nanomaterials.
The introduction of stable semiconductor isotopes as an additional degree of complexity in nanofabrication processes creates a wealth of opportunities for the manipulation of the properties of emerging nanomaterials. [1] [2] [3] Moreover, the absence of any significant chemical, electrical, structural, or mechanical driving forces among the isotopes makes possible the study of atomic transport phenomena on the nanoscale. 4 Extensive investigations over the past two decades have demonstrated that the physical properties of bulk semiconductors are drastically changed by manipulating the relative proportions of their stable isotopes. 1, 5, 6 In general, isotope-related effects are caused either by the influence of the atomic mass on the lattice dynamics or by differences in nuclear properties among isotopes. For example, large isotopic effects are observed near the thermal conductivity maximum due to the impact of mass disorder on phonon scattering. 1, 6, 7 Additionally, the atomic mass also influences the band gap energy. 1, 5, 6 This phenomenon was recently utilized to engineer diamond isotopic homojunctions enabling charge-carrier confinement in a chemically homogeneous material. 3 In spite of the crucial information they could provide, there are only a few predominantly theoretical studies on the influence of isotopic content on the physical properties of isotopically engineered nanostructures. For instance, recent simulations demonstrate that the thermal conductivity of Si nanowires is reduced exponentially by isotopic impurities at room temperature, 7 and the figure of merit of a 28 Si 0.5 29 Si 0.5 nanowire is ϳ31% greater than that of an isotopically pure nanowire. 7 No experimental investigation has, however, been performed to test these calculations. Recently, the influence of isotope impurities on heat and electronic transports was investigated in carbon and BN nanotubes. [8] [9] [10] From both fundamental and technological standpoints, it is of compelling importance to explore experimentally isotope-related effects in semiconductor-based nanomaterials. Besides the meticulous control over nanofabrication processes, tackling this area of research also requires characterization techniques that are sensitive to one of the isotopic properties, atomic mass, or nuclear properties, or to phononrelated phenomena. These techniques should also offer the spatial resolution needed to probe nanoscale structures. In this letter, we demonstrate that ultraviolet ͑UV͒ laserassisted local-electrode atom-probe ͑UV-LEAP͒ tomography provides the spatial resolution, mass resolving power ͑m / ⌬m͒, and signal-to-noise ͑S/N͒ ratio needed to characterize accurately isotopically engineered semiconductor nanomaterials. The use of LEAP tomography to characterize the distribution of Si isotopes was first reported by Shimizu et al. 11 In that research, however, the use of a visible laser to assist the evaporation led to limited analytical and spatial resolution.
An atom-probe tomograph consists of a field-ion microscope coupled directly to a special time-of-flight mass spectrometer, which permits the identification of the mass-tocharge-state ratios of individual evaporated ions in addition to their ͑x , y , z͒ coordinates in a specimen in real space, with subnanometer resolution. [12] [13] [14] We utilize an UV laser-assisted LEAP ͑LEAP 4000XSi ͑Cameca, Madison, WI͒. Pulsedevaporation of individual atoms is achieved employing focused picosecond UV ͑wavelength = 355 nm͒ laser pulses with a laser beam waist of Ͻ5 m at the e −2 diameter. The evaporation rate ͑ion pulse −1 ͒, the laser pulse repetition-rate, and energy pulse −1 were 0.01, 500 kHz, and 40 pJ, respectively. This UV laser pulse-energy was utilized to minimize local heating of specimens. The 3D reconstructions were performed using Cameca's IVAS program.
The investigated samples consist of isotopically modulated Si multilayers grown by solid-source molecular beam epitaxy using 28 Si and 30 Si enriched isotopes. 15 eter n-type wafers, high-resistivity float-zone Si͑001͒, were employed as substrates. After wet chemical cleaning in H 2 SO 4 and H 2 O 2 solutions and a dip in an HF dilute solution, the wafers were preannealed at 850°C, and then followed by growth of an ϳ100 nm-thick 28 Si buffer layer at 650°C. Isotopically modulated 28 Si and 30 Si ultrathin layers having thicknesses in the range of 5-30 nm were grown at the latter temperature. The total thickness of the 28 Si / 30 Si alternating layers is ϳ200 nm. These layers are defect-free as confirmed by cross-sectional transmission electron microscopy. LEAP tomographic specimens were prepared using a Helios dual-beam focused-ion beam ͑FIB͒ microscope ͑FEI Co., Hillsboro, Oregon͒ in conjunction with a micromanipulator. To prevent radiation damage produced by Ga ions during FIB nanomachining, a ϳ40 nm-thick Ni protective cap layer was deposited on 28 Si / 30 Si samples. Needlelike specimens with a tip radius of ϳ20 nm were fabricated using the FIB-based lift-out method and attached to Si microposts on coupons. The microtips were subsequently inserted into the LEAP tomograph's ultrahigh-vacuum chamber and cooled to 60 K prior to pulsed laser-assisted evaporation analyses. The microtips were maintained at a positive potential, while the evaporation of atoms was triggered by UV laser pulses. Figure 1͑a͒ displays a typical 3D LEAP tomographic atom-by-atom reconstructed image of isotopically modulated 28 Si and 30 Si layers. The formation of Si-H complexes is negligible in our measurement. Detailed analysis of the recorded mass spectra resulted in an upper limit of 0.01 at. % for a potential contribution of Si-H ions to Si isotopes peaks. Fig. 1͑a͒ are exhibited in Fig. 2͑a͒ . It is noteworthy that the profiles clearly resolve the monoisotopic layers. Independent of the thickness, the profiles display plateau regions for each individual isotopic layer, demonstrating that the full concentration amplitude between the layers has been resolved. The interfacial regions between the layers are also resolved with a very sharp transition. To appreciate this interfacial abruptness, an identical sample was analyzed using secondary-ion mass-spectrometry ͑SIMS͒ ͑PHI Adept 1010͒. A SIMS analysis was performed using 750 eV Cs + primary ions at an incidence angle of 60°with respect to the normal to the surface at a current of 50 nA, Fig. 2͑b͒ . The striking observation is that the SIMS data exhibit broader profiles with more diffuse interfaces than the atom probe tomography ͑APT͒ profiles. Also, the SIMS data do not exhibit plateau regions, that is, the concentration amplitude between the isotopic layers is not fully resolved. Additionally, the interfacial width of the probed layers is also less resolved by SIMS due to its limited depth resolution. A similar conclusion is drawn from a comparative analysis of Si/SiGe multilayers. 16 These observations demonstrate that UV-LEAP tomography has significantly better spatial and analytical resolutions compared to SIMS. This improved 3D isotopic imaging is clearly seen in Fig. 3͑a͒ , displaying the 3D isotopic map in a 30 ϫ 30ϫ 30 nm 3 volume extending from 35 to 65 nm depth of all isotopes including the 50 at. % 28 Si isoconcentration surfaces. The interfacial width is estimated by calculating the separation between 10% and 90% concentration points at the 28 Si / 30 Si interface, using a cubic spline fit to the profile. Figure 3͑b͒ shows the result of the fit at z = ϳ 37 nm indicating an interfacial width of 1.50Ϯ 0.01 nm. The mean in- 
013111-
terfacial width averaged over several interfaces is 1.70Ϯ 0.19 nm.
It is noteworthy that the use of highly focused UV lasers is uncommon and the vast majority of the currently available laser-assisted APT systems utilize lasers in the visible spectrum ͑green or blue͒. It was demonstrated that green laserassisted APT yields isotopic concentration profiles with a decay length of 2.1 nm/decade. 11 In our analyses, employing UV-assisted LEAP ͓Fig. 2͑a͔͒, the average decay length is 0.6 nm/decade. The fact that the highly focused UV laserassisted ATP outperforms visible laser-assisted APT implies that the laser wavelength and focus diameter play a critical role in the spatial and analytical resolutions, and m / ⌬m of UV laser-assisted LEAP tomography. Although the exact mechanism by which laser-induced evaporation of atoms occurs is debatable, 17, 18 the physical mechanisms that are generally accepted are related to local heating of the specimen by the laser beam with an energy per pulse that is typically less than 5 nJ. 12 This local heating process implies that an atom is thermally excited over the Schottky hump produced by the positive electric potential applied to a microtip. Bunton et al. 19 demonstrate that a smaller laser spot combined with good thermal conductivity of a sample results in efficient cooling. The use of the UV laser with a highly focused beam, instead of a visible laser, leads to a more localized heating of the microtip due to its smaller laser beam diameter. A critical difference in the present case also comes from the reduced penetration depth of the UV laser in Si. The penetration depth is only ϳ10 nm at = 355 nm, compared to ϳ980 nm at = 532 nm. This radical difference in the adsorption of the laser energy may also contribute to the more confined heating with the UV laser beam. The local energy-density is increased, and therefore the thermal gradient, which results in a larger flux of heat away from a microtip's apex. This translates to less extensive thermal tails, higher S/N ratios, and better m / ⌬m values, thereby improving concomitantly spatial resolution and minimum concentration detectability.
In conclusion, we have demonstrated 3D atom-by-atom imaging of isotopically modulated 28 Si and 30 Si ultrathin layers using UV laser-assisted LEAP tomography. The obtained highly resolved nanomaps with an interfacial width of 1.70Ϯ 0.19 nm between different monoisotopic layers demonstrate a significant improvement over isotopic mapping achievable using SIMS or visible laser-assisted APT. The reduced thermal effects are suggested to play a key role in the improved spatial resolution observed using UV-LEAP tomography. Our results demonstrate that UV-LEAP tomography is a powerful and accurate instrument in the emerging field of isotopically engineered semiconductor nanomaterials. Si isoconcentration surfaces are superposed to delineate the interfaces. ͑b͒ The estimated interfacial width. The solid-black lines are the best fit of experimental data employing a cubic spline-function.
